Abstract Cementless total hip arthroplasty has achieved reliable long-term results since porous coatings were developed, but postoperative changes around the stem remain poorly documented. In this study, changes of the bone mineral density (BMD) were compared between two types of cementless stem. In group B (28 patients with 31 hips), a straight tapered stem with porous plasma spray coating on the proximal 1/4 was used, while group S (24 patients with 26 hips) was given a fluted, tri-slot stem with porous hydroxyapatite coating on the proximal 1/3. In group B, there was an early decrease of BMD, which recovered after 12 months, indicating that stress shielding was minimal. In group S, however, BMD continued to decrease without recovery. The stem shape and radiological findings suggested that the cause of stress shielding in group S was distal fixation.
Introduction
Cemented total hip arthroplasty (THA) was developed by Sir John Charnley [3] , and it achieves reliable results. However, problems such as the toxicity of bone cement, tissue destruction by heat during polymerization, and various technical difficulties have been noted. The alternative is cementless THA using stems with a porous coating that allows bone ingrowth to achieve rigid fixation, and these stems have been shown to survive for over 10 years. However, the problems of osteolysis due to polyethylene wear particles and bone atrophy because of stress shielding mean that the long-term stability of uncemented THA is still in question [7, 14, 24] . The length, design, composition, and elasticity of a stem, as well as the extent of its porous coating, have all been pointed out as factors that influence stress shielding postoperatively [1, 2, 11] . Bone mineral density (BMD) can be measured with a high degree of accuracy by the use of dual-energy X-ray absorptiometry (DEXA) [13, 25] . In this study, two stems with different shapes and coatings were compared to assess the changes of radiographic findings and BMD after THA.
Materials and methods
Group B underwent THA with a Biomet prosthesis (Warsaw, Indiana, USA) that had a modular head and porous coating on the proximal 1/4 of the stem (a straight tapered Bimetric stem), while group S underwent THA with a Stryker prosthesis (Fairfield Rd, Kalamazoo, USA) that had a modular head and a fluted Tri-slot, Secure-Fit plus stem with porous hydroxyapatite (HA) coating over the proximal 1/3. The Biomet prosthesis was used from January 1996 to December 1999 and the Stryker prosthesis was employed from January 2000 to April 2003. Two distal stem sizes were available, but there was only one size for the proximal part of the implant (Fig. 1) .
The subjects were 62 patients (65 hips) in whom surgery was performed at least two years before the present study. Group B comprised 28 patients (26 women and two men with 31 hips) who had osteoarthritis of the hip joint (27 hips) or osteonecrosis of the femoral head (four hips). Their mean age at the time of operation was 62.7 years (range: 41-80 years), and the mean postoperative follow-up period was 52 months. Group S included 24 patients (23 women and one man with 24 hips) who had osteoarthritis of the hip joint (22 hips) or osteonecrosis of the femoral head (four hips), with a mean age of 64.0 years (range: 51-83 years) at the time of operation and a mean postoperative follow-up period of 34 months.
The posterior approach was used in all patients and a cementless porous acetabular cup was inserted in both groups. Partial weight bearing was allowed one week after the operation, with full weight bearing after 3 weeks. The Harris hip score [9] was used to evaluate the clinical outcome. BMD was measured by DEXA using an XR-36 device (Norland Inc. Cranbury, USA). Patients were placed in the hip scanning position, with the hip joint in 0°of extension, 0°of internal or external rotation, and slight abduction. The region around the stem was divided into seven Gruen zones [8] . DEXA was initially performed less than one month postoperatively, as well as after six months, 12 months, 18 months, and 24 months, and then annually. Using the value obtained within one month of surgery as the baseline, the BMD ratio was calculated at each time of measurement. Loosening and periprosthetic X-ray changes were also compared.
Results

Harris hip score
The clinical outcome was evaluated from the Harris hip score. In group B, the score improved from 33.2 preoperatively to 90.7 postoperatively, while the score for group S improved from 35.3 to 91.4. Improvement of pain was significant, with the pain score increasing from 13.8 to 41.2 in group B and from 13.8 to 41.2 in group S. Both groups showed an excellent clinical outcome.
Radiological changes
At the final radiological examination, there was no loosening, sinking, or osteolysis in either group. Spot welds were found in 65% of group B and 100% of group S. Six hips (19%) from group B and eight hips (31%) from group S showed first-degree stress shielding in zones 1 and 7. Cortical hypertrophy was seen in zones 2, 3, and 5 of 3%, 0%, and 10% of group B hips, respectively, versus 15%, 4%, and 15% of group S hips. Radiolucent zones were less than 1 mm wide in all cases, but were found in zones 3, 4, and 5 of 13%, 22%, and 10% of group B hips, respectively, versus 12%, 31%, and 15% of group S hips, respectively.
BMD
The BMD around the stem was assessed within one month postoperatively, as well as after six, 12, 18, and 24 months, and then annually. In group B, there was a decrease of BMD in all zones at six months postoperatively, but the BMD recovered to baseline by 12 months and then remained stable or increased further. BMD was highest in Fig. 1 Prostheses used for THA zone 4, lowest in zone 7, and second lowest in zone 1. In group S, there was no decrease of BMD within six months of the operation, but a gradual decline occurred subsequently in zones 1 and 7. Similar to group B, the highest BMD was in zone 4, the lowest was in zone 7, and the second lowest was in zone 1 (Fig. 2) .
BMD ratio
When the BMD measured within one month of the operation was taken as 100% to calculate BMD ratios, all zones showed a decline of the BMD ratio below 100% at six months postoperatively in group B, after which the BMD ratio increased to exceed 100% at 36 months and remained above 100% until 60 months in all zones (except zone 7). These results suggested good proximal fixation of the stem. In group S, the BMD ratio was approximately 100% for zones 2, 3, 4, 5, and 6 at three months postoperatively. In zones 1 and 7, the BMD ratio decreased slightly after three months (97%) and then declined to 90% by 18 months. In zone 7, the BMD ratio decreased below 90% after 3 months and then declined below 80% after 24 months. From the radiological findings, it was concluded that this decline of the BMD ratio was caused by stress shielding around the proximal stem (Fig. 3) . In group B, nine hips were in patients over 70 years old, and 22 hips were in younger patients. In group S, the respective numbers were nine and 17 hips. Based on comparison of the two age groups, the BMD showed a decrease as the age increased, but there was no significant trend of the BMD ratio. We also categorised the hips on the basis of the medullary cavity stem occupation ratio (above or below 90% on frontal X-ray films), but there were no significant differences of the BMD ratio between these subgroups in either group B or group S.
Stress shielding
First-degree stress shielding was found in zones 1 and 7 of six hips from group B and eight hips from group S. In the hips of group B, the BMD ratio was greater than 100% in zones 3, 4, and 5, and it increased distally, while the ratio was less than 100% in zones 1, 2, 6, and 7, so that it decreased proximally. In the hips of group S, the BMD ratio was 100% in zones 2, 3, 4, 5, and 6, but it was only 90% in zones 1 and 7 and continued to decline over time, presumably due to stress shielding (Fig. 4) .
Cortical hypertrophy
In group B, two hips showed cortical hypertrophy in zone 5. The BMD ratio data suggested that this cortical hypertrophy was caused by continuous stress in zone 5. In group S, eight cases of hypertrophy were found (affecting zones 2 and 5 in four hips). Because the BMD ratio remained high in the other zones over time, the stem design was assumed to be the cause of continuous stress in these zones (Fig. 5 ).
Hips with a BMD ratio <100% in all zones
Two hips in group B and six hips in group S had a BMD ratio<100% in all zones for more than 24 months. There was no significant correlation between the low BMD ratio and the age, the stem occupation ratio of the medullary cavity, or the condition of the opposite hip. Calculation of Noble's canal flare index showed that four hips had a champagne flute canal in group B, as did eight hips in group S, while the rest were normal (no hip had a stovepipe canal). In group S, four of the six hips with low BMD ratios had a champagne flute canal and it was assumed that distal fixation of the stem had occurred (Table 1) .
Discussion
Cemented THA was developed by Charnley and achieves good results, but problems with the technique (such as tissue destruction by heat during polymerisation or intraoperative hypotension) prompted the development of cementless THA. Initially, cementless THA only achieves moderate stability, but there is no consensus about the optimum stem shape and coating to improve stability, so various types have been produced. We did not use a stem with a collar because bone loss occurs around the collar over time after surgery. With regard to the extent of coating on the stem, moderate stability has been reported to be achieved with fully coated stems such as the AML, but other studies have found no significant association between stability and the extent of coating on the proximal stem [23] . However, there have been reports about the frequent occurrence of stress shielding [5, 10] as well as the difficulty of removing the fully coated stems at re- Fig. 4 Changes of the BMD ratio with stress shielding cases operation. Niinimaki [17] claimed that the design of the stem has an effect on bone remodelling by allowing the loading of the bone as proximally as possible, and long stiff stems should be avoided. Since sufficient stability can be achieved by a proximal porous coating, we selected two proximally porous coated stems for our patients. A decrease of the BMD ratio around the stem after surgery has been reported previously [12, 20] . In this study, we used stems with a porous coating of the proximal 1/4 and a straight tapered distal part or porous coating of the proximal 1/3 and a fluted, tri-slot distal part, and we compared the changes of radiological findings and BMD between the two groups of patients. The position of the femur is important [4, 27] when measuring BMD by DEXA, so we adopted the neutral position. Our study showed that the BMD ratio decreased in all zones until six months after surgery in group B and then improved subsequently.
Similar results have already been reported and this initial temporary decline of BMD is thought to be caused by the impact of surgery and a decrease of activity during convalescence [6] . However, group S showed no such early decline of the BMD ratio. In both groups, the BMD ratio was highest in zone 4, lowest in zone 1, and second lowest in zone 7. The impact of surgery and the decrease of activity during convalescence were similar in both groups, but the HA-coated, tri-slot stem with distal fluting showed better initial fixation. In group B, the BMD ratio recovered after six months in all zones and exceeded 100% after 36 months (except in zone 7). There was less pain and increased activity after surgery, with improvement of the medullary BMD ratio. In group S, the BMD ratio of zones 3 and 5 returned to 100% by 12 months after surgery and then continued to increase, but it decreased in the other zones. In particular, zone 1 showed a decline of more than 10% at two years postoperatively and the decrease exceeded 20% in zone 7. These findings were similar to the BMD changes noted in zones 1 and 7 at 12 months postoperatively by Nishii [18] , which were a decrease of 23% for zone 1 and 18% for zone 7, while Wixson [28] found a decrease of 5% in zone 1 and 12% in zone 7 after 24 months. A difference in the pattern of BMD changes between various stem types has already been reported [11, 23] , as well as the difference of BMD changes among the different types of implants which are due to variations in stress transmission [19] . In group B, the stem continuously transmitted weight from the site of proximal fixation. In group S, early bone formation around the HA-coated proximal 1/3 of the stem apparently achieved good initial fixation. However, the stem also gradually became fixed distally, causing proximal stress shielding that led to the decline of BMD around the proximal stem. Schmidt [21, 22] described the periprosthetic bone remodelling of noncemented taper-design stem and their study showed that loss of femoral BMD in THA is not necessarily progressive, and a full or at least partial restoration of baseline values around the implant may occur within the first three years after operation with tapered stems. Also, both the wide taper angle of the stem as well as the reduced length led to a favourable load transfer in the proximal femoral area, resulting in less pronounced bone resorption. In our study, a decrease of the proximal BMD was smaller in the taper design.
In the hips with stress shielding, the BMD ratio exceeded 100% in zones 3, 4, and 5, but it decreased below 100% in the proximal zones 1, 2, 6, and 7. In group S, thickening of cortical bone was seen in zones 2 and 5 of four hips, suggesting the possibility of the cylindrical stem becoming fixed distally. The site of distal fixation is associated with thicker bone, and the more the rigidity of the stem exceeds that of the femur, the greater stress shielding becomes [15, 16, 26] . Therefore, our data suggest that the tri-slot stem is extremely rigid. Thickening of cortical bone was also found in zone 5 of two hips from group B, suggesting that the tapered stem could sometimes also be associated with distal fixation.
Conclusion
In this study, BMD changes (measured by DEXA) were compared between two types of cementless stem. There was no loosening in either group. Both stems showed good proximal fixation, but there were differences in the pattern of BMD changes. We conclude that the HA-coated, tri-slot stem with distal fluting shows good initial stability, but it gradually becomes fixed distally, causing proximal stress shielding.
